In this work, we investigate the effect of sidewall angle, height and space of an air cavity extractor (AC-Extractor) on the polarization-dependent light extraction efficiency (LEE) for AlGaN-based deep-ultraviolet light-emitting diodes (DUV LEDs) using three-dimensional finite difference time-domain method. Compared to the reported inclined sidewall metal reflector (SM-Reflector), DUV LED with AC-Extractor shows better light extraction at any height and inclined angle due to different light extraction mechanisms. The light in SMReflector DUV LED is extracted mainly through mirror reflection. However, total internal reflection from the sidewall dominants the contribution to LEE for the AC-Extractor with smaller inclined angle such that the space has little impact, while Fresnel scattering is more important for the AC-Extractor with larger inclined angle and that the additional out-light channel as well as the space play a critical role in enhancing the LEE. And the analysis is further developed into a three-escape-cones analytic model theory. In particular, the ACExtractor with vertical sidewall is more beneficial to enhance the LEE of DUV LED than that with inclined sidewall, which can be rationally explained based on the three-escape-cones analytic model.
Introduction
In the past decade, AlGaN-based deep ultraviolet (DUV) light emitting diodes (LEDs) have attracted considerable attentions owing to their great application potential in water/air purification, optical catalysis, spectrometry and medical phototherapy [1] . However, the reported highest external quantum efficiency (EQE) is just about 20% [2] . The very poor light-extraction efficiency (LEE) of the AlGaN-based UV-LEDs is one main factor limiting the EQE. On one hand, owing to the difficulty of growing pAlGaN with a high hole concentration, pGaN layer possessing strong absorption of UV light is used as a contact layer in UV-LEDs, resulting in low LEE [3] . On the other hand, transverse magnetic (TM) polarized light with linear polarization parallel to the C-axis increases rapidly with Al-content of AlGaN quantum well (QW) active region [4] . It is difficult for the TM polarized light to propagate into the escape cone of the C-plane. Various approaches have been introduced to improve the LEE, for example, strain engineering for QW to obtain the desired transverse electric (TE) polarized (Ec) light emission [5] - [8] , meshing pGaN to decrease light absorption [9] , nanopatterning sapphire [10] or AlN [11] to increase the light scatting ability, texturing or shaping the sidewall of LED chip to increase the light extracted from the sidewall [12] , [13] , or using surface plasmons to transform TM-polarized light into TE-polarization [14] , [15] . Recently, to effectively extract the intrinsic strong TM-polarized emission in DUV LEDs, an inclined sidewall metal reflector (SM-Reflector) utilized to improve the LEE of DUV LED is reported [16] - [20] . It has also been proved that as compared to a vertical sidewall structure, an inclined sidewall structure can make a remarkable improvement in TM-polarized light extraction [17] , [18] .
Previously, we presented an air cavity extractor (AC-Extractor) with an inclined sidewall to enhance the light extraction efficiency (LEE) for AlGaN-based deep ultraviolet light-emitting diodes (DUV LEDs) [21] . However, there is no detailed comparison of the effects of various parameters such as height and space for the AC-Extractor and the SM-Reflector. And the theory about the AC-Extractor also needs to be explored in greater detail. In this work, using three-dimensional finite-different time-domain simulation (3D FDTD), we show that significant LEE enhancement is achievable by the AC-Extractor with various heights and inclined angles as compared to the SMReflector. Theoretical analysis manifests that the AC-Extractor can produce three escape cones to enhance the LEE for both TM-and TE-polarized light emission. What is more, it is different from the previously reported results about the inclined sidewall structures that for the DUV LEDs with air cavity extractor, the vertical sidewall structure possesses higher TM-and TE-polarized LEE than the inclined sidewall structure because there is additional light extraction channel in AC-Extractor. Fig. 1(a) and (b) present the structural models of the DUV LEDs with inclined sidewall metal reflector (SM-Reflector) and air cavity extractor (AC-Extractor), respectively. It can be observed that the inclined sidewall is covered by the metal Al in SM-Reflector structure in Fig. 1(a) , while for ACExtractor in Fig. 1(b) , the metal Al is fixed on the bottom of structure and not on the inclined sidewall. Other settings for the two structural models are consistent, as shown in Fig. 1(a) and (b) . A single dipole source is positioned in the middle of MQW layer. The peak wavelength and the full-width at half-maximum of the spectrum of the dipole source are set at 280 nm and 10 nm, respectively. The dipole source is polarized in the direction either parallel to the X-axis for the excitation of TE mode or parallel to the Z-axis for the excitation of TM mode. The Z-axis is perpendicular to the C-plane of DUV LED. For the dipole source, the lights propagate mainly in the plane perpendicular to polarized electrical field direction. Namely, the TM-polarized lights propagate mainly in the XY plane, while the TE-polarized lights propagate mainly in the YZ plane. Therefore, TM-polarized light is isotropic in XY plane and anisotropy in YZ plane, while TE-polarized light is anisotropic in XY plane and isotropic in YZ plane. Because Z-axis is perpendicular to C-palne (out-light surface), for the out-light surface (XY plane in model), TE-polarized emitting is isotropic and TM-polarized emitting is anisotropic as shown in the Fig. 1(c) . As a result, TE-polarized light is more easily than TM-polarized light to propagate into the escape cone of the C-plane for conventional planar flip-chip DUV LEDs. The lateral dimension of the computational model is set to 8 × 8 μm. A flip-chip DUV LED model comprises a 1000-nm sapphire substrate, a 2000-nm n-AlGaN layer, a 150-nm p-GaN contact layer, a 50-nm p-AlGaN layer, a 100-nm MQWs layer, a 50-nm SiO 2 passive layer and an Al reflector. AlGaN truncated cones are triangularly arrayed and formed by etching through the MQWs. The inclined angle, the height for the truncated cones and the top diameter are represented by α, h and d, respectively. In our calculation, the reflectivity of the Al reflector for 280 nm light is set to the maximal theoretical value of 92%. The absorption coefficients of the GaN layer, the MQWs layer and the AlGaN layer are assumed to be 170,000 cm −1 , 1000 cm −1 and 10 cm −1 , respectively [22] , [23] . And the refractive indices for GaN, AlGaN, and AlN layers are set to 2.9, 2.6, and 2.16, respectively [23] . The boundary conditions for the four lateral boundaries are assumed to be perfect mirrors such that the limited lateral dimension are treated as infinite [22] , [24] . The bottom boundary condition is set as perfect-matched-layer (PML), which absorbs the electromagnetic energy incident upon it. The LEE is defined as the ratio of total extracted light power to the total power emitted from dipole source [25] .
Calculation of LEE With 3D FDTD Method

Results and Discussion
First, effects of inclined angle (α) and height (h) for the truncated cones on the LEE are investigated. The top diameter (d) is set to 1 μm. To fix the fill factor of the cones with 1-μm height, the AlGaN cone arrays with 1-μm height and different inclined angle are closely packed as shown in the insert of Fig. 2 previously reported, the AC-Extractor has total internal reflection instead of metal reflection (as in the case of SM-Reflector) to scatter light into the escape cone [21] . Therefore, the absorption of the metal mirror results in the lower LEE for the SM-Reflector than the AC-Extractor. And the LEE decreases as the inclined angle α increases due to less light being total internally reflected into the c-plane escape cone and more light being absorbed by the larger pGaN area. In particular, the lowest LEE occurs when α is 90°.
In addition, it should be reasonable to guess that for the SM-Reflector and the AC-extractor DUV LED, the higher inclined sidewall can scatter more light into the escape cone of c-plane due to larger inclined sidewall area. However, for the AC-Extractor DUV LED, it can be found from Fig. 2 that the LEE is monolithically increasing with the height only for α angle smaller than 60°, while for α = 75°, the LEE initially increases to a peak value and then decreases with further increasing the height of the truncated cone. To explain the observed difference, the TM-polarized electric-field distributions in the YZ cross section for the AC-Extractor DUV LED with h = 1 μm and α = 50°, h = 1 μm and α = 75°, and h = 0.6 μm and α = 75°are shown in Fig. 3(a) , (b) and (c), respectively. It can be seen from Fig. 3(a) that there is weak electric-field intensity in the air cavity embedded in the AlGaN truncated cones with h = 1 μm and α = 50°, which confirms that for the AC-Extractor DUV LED with α = 50°, the light is mainly extracted through the total internal reflection by the inclined sidewall interface as demonstrated by the light propagation path in Fig. 3(a) . Obviously, an increased height represents a larger sidewall area, which is very useful to have more light experience the total internal reflection, resulting in an increased LEE. Therefore, when the inclined angle α is smaller than 60°, the LEE is increased with the cone height due to the increased sidewall area. For the case of h = 1 μm and α = 75°, it can be found from Fig. 3(b) that the electric-field transmits among the AlGaN truncated cone arrays and the light propagation path can be illustrated as the red dotted lines in Fig. 3(b) . Here, most of the TM-polarized light is refracted into the air cavity embedded in the AlGaN truncated cones and then into the neighboring AlGaN truncated cones, leading to a larger incidence angle to the out-light surface, which results in the lower LEE. However, when the height is decreased to h = 0.6 μm, we can find from Fig. 3(c) that there is weak electric-field intensity in the neighboring AlGaN truncated cones while there is strong electric-field intensity in the air cavity among truncated cones. Hence, it can be inferred that the TM-polarized light is first refracted into the neighborhood air embedded in the AlGaN truncated cones, and then the light reaches the parallel interface between the neighborhood AlGaN truncated cones (white dotted circles in Fig. 3(c) ) rather than the neighborhood inclined sidewall interface, as illustrated by the red lines in Fig. 3(c) . It is worth noting that any light that transmits into the air cavity and then reaches the parallel interface will escape from the out-light surface and is not limited by the total internal reflection. So the parallel interface between the neighborhood AlGaN truncated coned is also named as additional out-light plane. Namely, compared to SM-Reflector DUV LED, there is an additional light extracted channel in the AC-Extractor DUV LED. As a result, the higher LEE for the AC-Extractor DUV LEDs with h = 0.6 μm is attained than that for AC-Extractor DUV LEDs with h = 1 μm. However, too small height would lead to less light being scattered into the air cavity, which will decrease LEE such as in the case of the AC-Extractor DUV LEDs with h = 0.4 μm and α = 75°. Therefore, it can be inferred that when the inclined angle α is small, the LEE is monolithically increasing with the height due to total internal reflection. But when α is larger, the LEE initially increases to a peak value and then decreases with the height due to Fresnel scattering.
In addition, the effects of the cone space and the inclined angle on the light extraction efficiency of DUV LEDs with AC-Extractor and SM-Reflector are simulated. During simulation, the height of cone is fixed to 0.6 μm. The simulation results are shown in Fig. 4 . It can be observed that for SMReflector with any α angle and AC-Extractor with α = 50°, the LEE is relatively constant. Namely, the space makes no effect on the LEE for them. It is because the LEE enhancements for both of them are mainly from the reflection of the inclined sidewall (total internal reflection for the AC-Extractor and metal reflection for the SM-Reflector) not affected by space. Furthermore, we also can see that the LEE of AC-Extractor with larger inclined angle increases faster because the large inclined angle is more favorable to make light scattered into air cavity by Fresnel scattering, and the large space supports larger additional out-light plane to help light to escape. Therefore, the simulation results in Fig. 4 further confirm that the Fresnel scattering is the main scatter mechanism for the AC-Extractor DUV LEDs with larger inclined angle such as α = 75°and 90°, and the total internal reflection plays the main role for DUV LEDs with smaller inclined angle such as α = 45°and 50°. So the space of cone makes an important effect on the LEE for the AC-Extractor DUV LEDs with large inclined angle, and little effect on that with small inclined angle and the SM-Reflector DUV LED. Therefore, it can be concluded that the mechanisms of LEE enhancement for the AC-Extractor DUV LED with different inclined angle are different.
Based on the above analyses, we propose a three-escape-cones analytic model consisting of a foundation escape cone, a reflection escape cone, and a Fresnel escape cone to represent the three escape ways for light within the AC-Extractor as shown in Fig. 5(a) . Light within the foundation escape cone denoted by the solid line cone in Fig. 5(a) is not scattered and directly escapes from the C-plane. According to Snell's Law, the escape cone is governed by a critical angle of θ c = arsin(n a /n A lG aN ) with n a and n A lG aN being the refractive index of the atmosphere and that of the AlGaN material, respectively. Therefore, the foundation escape cone ∅ is 90 − θ c < ∅ < 90 + θ c , which is not related to the inclined angle α of the AC-Extractor, and is shown in Fig. 5(b) as the black foundation escape cone angle band. For the reflection escape cone denoted by the dot line cone in Fig. 5(a) , light is first reflected by the inclined sidewall and then escapes. Because the reflected light needs to propagate into the foundation escape cone in order to be emitted into the outer-space, the reflection escape cone needs to meet the condition of 2α − 90
• − θ c < ∅ < 2α − 90
• + θ c . It is worth noting that the reflection escape cone rotates toward the Z axis with an angle velocity of 2α, as shown by the red reflection escape cone angle band in Fig. 5(b) . Because light can be Fresnel scattered into the air cavity and escapes from the additional out-light plane, the Fresnel escape cone is defined as an angle scope of emitting light propagating into the air cavity and denoted by the shadow cone in Fig. 5(a) . Thus, the Fresnel escape cone can be calculated to be α − 90
• − θ c < ∅ < α − 90 • + θ c . It is obvious that the Fresnel escape cone rotates toward the Z axis with an angle velocity of α, as shown by the blue Fresnel escape cone angle band in Fig. 5(b) .
From the above simulation results of Figs. 2 and 4, it can be concluded that smaller inclined angle is better for the LEE of AC-Extractor DUV LEDs. However, it is worth noting that when the inclined angle decreases, the area of the active region also decreases. Therefore, it is necessary to further compare the LEE at different inclined angles but with the same active region area. We set the truncated cones with inclined angles of 45°to be closely-packed. And all LED models with different inclined angles have fixed period, the same active region area and the same height of 0.6 μm. The simulated result is shown in Fig. 6(a) . It is surprising to find that the largest LEEs of both TM-and TE-polarized light occur at the inclined angle of 90°, and that the TM-polarized LEE is larger than TE-polarized LEE at all inclined angles. To explain the result, a simple single truncated cone model is simulated to obtain the ratio of light into the air cavity. Four monitors are set around the cone to detect the light propagating into the Fresnel escape cone and then emitted out from the sidewall. A top monitor is set to detect the total light propagating into the reflection escape cone and the foundational escape cone and then emitted out from the c-plane.
The single cone simulation results are shown in Fig. 6(b) and (c). The TE-Side and the TM-Side are the TE-polarized and the TM-polarized LEEs from the sidewall of the single cone. And the TETop and the TM-Top are the TE-polarized and the TM-polarized LEEs from the top of the single cone. We can find that both the TE-Side and the TM-Side LEE curve first decrease and then increase with increasing the inclined angle. And both the TE-Top and the TM-Top LEE curve first increase and then decrease with increasing inclined angle. Obviously, both the top LEE and the side LEE for the TM-and the TE-polarized light follow the same trends. So in the following discussion, we focus on the variation of TE-polarized LEE versus the inclined angles, which can be explained reasonably by the three escape cone bands in Fig. 5(b) . According to our simulated model structure, it can be attained that light with an emitting angle smaller than −7°would be absorbed by pGaN. Here, only half of the emitting angle from the source (−90°, 90°) is taken into account due to symmetry of the emitted light. So the angle scope of light directly emitted from the light source is limited to (−7°, 90°), as illustrated by the violet strip on the right of Fig. 5(b) . In addition, the angle scope of light that is total internally reflected from the top interface can be calculated to be (−67°, 0°), as shown by the gradient strip on the right of Fig. 5(b) . Because there is barely light incident parallel to the C-plane, it is rational to assume that the light intensity decreases with the reflection angle. It can be clearly seen that when the inclined angle is smaller than 60°, the Fresnel escape cone angle band is below the light source emitting angle scope. As a result, no light can be directly emitted from the source into the Fresnel escape cone. All light emitted into the Fresnel escape cone and escaped from the sidewall must come from the light total internally reflected by the top surface. In addition, the Fresnel escape cone scope is moving away from −67°with increasing the inclined angle, leading to the decreased overlap range of the Fresnel escape cone scope and the angle scope of light that is total internally reflected by the top surface. As a result, the light that is total internally reflected into the Fresnel escape cone decreases with increasing the inclined angle. So when the inclined angle is smaller than 60°, the side LEE decreases with increasing the inclined angle. When the inclined angle is larger than 67°, the overlap range of the Fresnel escape cone angle band and the light source angle scope increases with the inclined angle, leading to more light being directly emitted into the Fresnel escape cone, then the side LEE increases with the inclined angle. It also can be found that when the inclined angle is smaller than 50°, the top LEE increases with the inclined angle. This is because the increased overlap of the reflection escape cone and the light source angle scope leads to more light being directly emitted into the reflection escape cone. However, as the inclined angle increases further, the reflection escape cone moves to larger angle. The light with larger emitting angles from the source would be easier to incident upon the top surface before it propagates to the sidewall due to the limitation of cone height. These lights will be total internally reflected by the top interface, and then most of them will propagate into the Fresnel escape cone or be absorbed by pGaN. As a result, the top LEE decreases with further increasing the inclined angle. Now, we can explain the LEE curve in Fig. 6(a) by the above analysis results and the three escape cones model. For the inclined angle smaller than 67°, the space of the cone array is too small, resulting in little impact of the Fresnel escape cone on the LEE. Both TE-and TM-polarized LEE variation trends are decided by the reflection escape cone. So the LEE first increases with increasing the inclined angle as a result of the increased overlap between the reflection escape cone and the light source angle scope. Then both TE-and TM-polarized LEE decrease because the limited cone height makes more light incident on the top surface rather than into the reflection escape cone. For the inclined angle smaller than 67°, both TE-and TM-polarized LEE variation trends with the inclined angle are in accordance with the top LEE variation trend in Fig. 6(b) and (c) . When the inclined angle is larger than 67°, the effect of the Fresnel escape cone becomes more and more important as a result of the larger space and the larger inclined angle. Meanwhile, less light can propagate into the reflection escape cone due to the limitation of the cone height. As a result, the increase of the LEE for the inclined angle larger than 67°comes from the increased light propagating into the Fresnel escape cone. Both TE-and TM-polarized LEE increase with increasing the inclined angle due to the increased overlap range of the Fresnel escape cone angle band and the light source angle scope, which is consistent with the side LEE variation trends in Fig. 6(b) and (c). Consequently, the DUV LED with vertical sidewall shows the largest LEE. Finally, we can conclude that not only the inclined sidewall but also the vertical sidewall can be utilized to extract TM-polarized light from DUV LED, where the vertical sidewall even shows better performance under certain conditions. And It can be easily fabricated by combining dry etching and wet etching [26] .
Conclusion
In summary, we propose and develop an air cavity extractor (AC-Extractor) to enhance both TMpolarized and TE-polarized LEEs of DUV LEDs. Effects of various parameters of AC-extractor including inclined angle, space and height are investigated in detail using 3-D FDTD simulation. It is confirmed that the air cavity extractor is a better strategy than the reported sidewall metal reflector. Furthermore, a three-escape-cones analytic model (foundation escape cone, reflection escape cone, and Fresnel escape cone) is developed to understand the LEE enhancement mechanisms for DUV LEDs with AC-extractor. In addition, for both TM-polarized and TE-polarized emitting, the vertical sidewall shows better effect than the inclined sidewall due to more light can be extracted by the Fresnel escape cone. Contrary to the inclined sidewall metal (SM-Reflector) structure where a smaller inclined angle is preferred but rather difficult to control the angle during LED chip processing, AC-Extractors with vertical sidewall exhibit largest LEE for both TM-and TE-polarized light. It only calls for the control of the height and the space of the AC-Extractors, which can be easily controlled by etching time and photolithograph. Therefore, the research results in the current work can provide an important reference for researchers in this field to fabricate high efficiency AC-Extractor DUV LED with vertical sidewall under simple processing conditions.
